Reverse genetic analysis can connect a gene and its protein counterpart to a biological function(s) by knockout or knockdown of the specific gene. However, when a protein has multiple biochemical activities, the conventional genetics strategy is incapable of distinguishing which biochemical activity of the protein is critical for the particular biological function(s). Here, we propose a structural reverse genetics strategy to overcome this problem. In a structural reverse genetics study, multiple biochemical activities of a protein are segregated by mapping those activities to a structural element(s) in the atomic resolution tertiary structure. Based on the structural mapping, a mutant lacking one biochemical activity of interest can be produced with the other activities kept intact. Expression of the mutant by knockin or ectopic expression in the knockout strain along with the following analysis can connect the single biochemical activity of interest to a biological function. Using the structural reverse genetics strategy, we have dissected the newly identified GTP-dependent activity of a lipid kinase PI5P4Kb from its ATP-dependent activity. The GTP-insensitive mutant has demonstrated the existence of the GTP bioenergetic sensor system in mammalian cells and its critical role in tumorigenesis. As structural reverse genetics can identify in vivo significance of individual biochemical activity, it is a powerful approach to reveal hidden biological functions, which could be a novel pharmacological target for therapeutic intervention. Given the recent expansion of choices in structural biological methods and advances in genome editing technologies, the time is ripe for structural reverse genetics strategies.
Reverse genetic analysis can connect a gene and its protein counterpart to a biological function(s) by knockout or knockdown of the specific gene. However, when a protein has multiple biochemical activities, the conventional genetics strategy is incapable of distinguishing which biochemical activity of the protein is critical for the particular biological function(s). Here, we propose a structural reverse genetics strategy to overcome this problem. In a structural reverse genetics study, multiple biochemical activities of a protein are segregated by mapping those activities to a structural element(s) in the atomic resolution tertiary structure. Based on the structural mapping, a mutant lacking one biochemical activity of interest can be produced with the other activities kept intact. Expression of the mutant by knockin or ectopic expression in the knockout strain along with the following analysis can connect the single biochemical activity of interest to a biological function. Using the structural reverse genetics strategy, we have dissected the newly identified GTP-dependent activity of a lipid kinase PI5P4Kb from its ATP-dependent activity. The GTP-insensitive mutant has demonstrated the existence of the GTP bioenergetic sensor system in mammalian cells and its critical role in tumorigenesis. As structural reverse genetics can identify in vivo significance of individual biochemical activity, it is a powerful approach to reveal hidden biological functions, which could be a novel pharmacological target for therapeutic intervention. Given the recent expansion of choices in structural biological methods and advances in genome editing technologies, the time is ripe for structural reverse genetics strategies.
Structural reverse genetics strategy
Decades of accumulated data from large-scale analyses such as genome sequencing, protein-protein interactomes, and genetic interactomes have suggested complex relationships between biochemical activities of a protein and its biological functions. Together with interactome data, it becomes evident that many proteins, especially those in eukaryotes, have more than one biochemical activity (e.g., catalytic activities, and binding or scaffolding activities to other molecules) and are involved in more than one biological function (See Fig. 1A for PI5P4Kb as an example). Due to this complexity, simple applications of the conventional gene knockout and knockdown experiments cannot distinguish whether the deduced biological function(s) is due to a single biochemical activity of a protein (Fig. 1B) . For instance, a ubiquitin-editing enzyme, A20 [tumor necrosis factor alpha-induced protein 3 (TNFAIP3)], has E3 ubiquitin ligase activity to produce Lys-48-linked polyubiquitination as well as deubiquitinase activity for Lys-63-linked polyubiquitin [1] . Knockout of A20 could not reveal the significance of E3 ligase or deubiquitinase activity. Phosphatase and tensin homolog (PTEN) has both lipid and protein phosphatase activities [2, 3] . Knockout of PTEN abolishes both activities and thus could not reveal which phosphatase activity is critical for the observed biological functions.
The structural reverse genetics strategy aims to solve the problem of multifunctionality of proteins; it can analyze the relationship between biological functions of cells and a biochemical activity of a protein, via modulating the single biochemical activity of interest in a protein without affecting others (Fig. 1C) . This strategy is more straightforward and definitive than the conventional reverse genetic strategies in revealing the in vivo significance of the biochemical activity of a protein of interest, especially in the context of the highly complex cellular signaling networks. However, such a modulation generally cannot be introduced without having atomic resolution structures of the target protein, which is utilized to map the biochemical activities to the structural elements. In case of PI5P4Kb, the structural reverse genetics strategy was key to segregating the guanosine triphosphate (GTP)-dependent activity of PI5P4Kb from that of adenosine triphosphate (ATP). This demonstrates the in vivo significance of the GTP-sensing activity of PI5P4Kb and the presence of the GTP bioenergetic system in mammalian cells.
Structural reverse genetics identifies a cellular GTP sensor system Cellular concentrations of energy molecules vary substantially in response to cellular status and pathological states. Changes in the concentrations of energy molecules evoke complex but concerted responses in cell metabolism to cope with the energy crisis. For example, in the GTP energy responses, the salvage and the de novo GTP biosynthetic pathways intercommunicate with one another. Mutation of a key enzyme in the GTP salvage pathway resulted in up-regulation of the de novo purine synthesis pathway [4] . Although the mechanism of intercommunication remains unclear, it is reasonable to predict that the cells have an energy sensor that receives the GTP concentration as a biological cue and converts it into cellular signaling and/or gene expression, for metabolic adaptations. Such energy sensors have been found for ATP and other metabolites [5] [6] [7] [8] . However, whether mammalian cells have an energy sensor(s) for GTP remained unknown until the year of 2016.
PI5P4K, or Type II PIPK, is a class of phosphoinositide kinases, which phosphorylates phosphatidylinositol 5-phosphate (PI(5)P) to generate phosphatidylinositol 4,5-diphosphate (PI(4,5)P 2 ) [9] . Mammalian genomes contain three distinct genes encoding PI5P4Ka, b, and c isoforms. PI5P4Ka knockout mice do not exhibit any significant phenotypes under normal housing conditions and PI5P4Kc knockout mice have not been reported. In contrast, PI5P4Kb knockout mice displayed reduced body weight, and the knockdown of PI5P4Kb in breast cancer cell lines suppressed cell growth and tumor formation [10] [11] [12] . Thus, PI5P4Kb, which controls the levels of a lipid second messenger, PI(5)P, is an emerging target for cancer therapy [11] [12] [13] [14] . Recently, we have discovered that PI5P4Kb is the yet unknown energy sensor for cellular GTP concentration [15] . Our analyses reveal that PI5P4Kb has (a) an ability to bind GTP; (b) the appropriate K m value (88 lM for GTP and 256 lM for ATP) so that its activity is regulated by physiological changes of the cellular GTP concentration; and (c) an ability to evoke a signal to control cell metabolism and proliferation via its substrate PI(5)P [15] . The (a) and (b) biochemical properties of PI5P4Kb are a good match to the requirements for a GTP sensor. Thus, it is predicted that PI5P4Kb should detect the changes in cellular GTP concentration and convert them into lipid second messenger signaling. However, testing the (c) property -the in vivo significance of the GTP-sensing function -was the real challenge. We could not take a conventional knockout or knockdown approach because these approaches would disrupt both the ATP-and GTP-dependent kinase activity of PI5P4Kb (Fig. 1D) . To overcome this problem, we utilized structural reverse genetics to prove the in vivo significance of the GTP-sensing activity of PI5P4Kb.
Crystallization and structure determination of the PI5P4Kb-nucleotide complexes resolution in 1998 [16] . However, structure of nucleotide-bound PI5P4Kb has not been solved for nearly 20 years. Therefore, we decided to determine the crystal structures of the PI5P4Kb-nucleotide complexes with a resolution sufficient to distinguish the GTPand ATP-binding modes. These structural data must be useful to rationally design a mutant lacking GTPsensing activity. While PI5P4Kb was crystallized easily by the earlier reported method [16] , crystal quality was insufficient to obtain atomic resolution structures of the nucleotide complexes.
To improve the resolution of the PI5P4Kb crystals, we applied a multistep soaking method [17] . Initially, cryoprotectants for the PI5P4Kb crystal were screened. Among 14 cryoprotectants, ethylene glycol (EG, 25% v/v) and polyvinylpyrrolidone K15 (PVP, 25% v/v) occasionally showed diffractions better than 3 A in the apo form crystals. Both EG and PVP, however, did not show significant improvement in the crystal quality. The crystals soaked in EG often showed cracks on their surfaces. While PVP seemed to be less invasive, diffraction images from crystals soaked in the PVP solution showed severe ice rings. We therefore applied a multistep soaking method with EG and PVP. The best result was obtained by two-step soaking: first a crystal was soaked in the less invasive PVP and then EG was supplemented to the soaking solution. This multistep soaking significantly improved the average resolution of the PI5P4Kb crystals. The resolutions of the final structures were 2.60, 2.15, 2.45, 2.70, and 2.60
A for the apo, AMP, GMP, Adenylyl-imidodiphosphate (AMPPNP), Guanylyl imidodiphosphate (GMPPNP) complexes, respectively. These structures demonstrated clear differences in their GTP-and ATP-binding modes.
Unexpected guanine nucleotide recognition via a 'Tetris-spin' mechanism
In the nucleotide-bound PI5P4Kb, the bases of both the ATP and GTP analogs occupy a hydrophobic groove formed by Phe-139, Val-148, Val-204, Phe-205, Leu-282, and Ile-368 ( Fig. 2A,B) . In the deep end of the nucleotide-binding groove, there are three hydrogen donors and two hydrogen acceptors available for nucleotide base binding (Fig. 2C-F) . The N1 atom in the adenine nucleotide is a hydrogen acceptor and coordinates with the Val-204 main chain HN of PI5P4Kb (Fig. 2D) . However, as the corresponding position in the guanine nucleotide is a hydrogen, it cannot form a hydrogen bond with the Val-204 main chain HN in the same way. Thus, the guanine nucleotide instead utilizes the neighboring O6 atom to coordinate with the Val-204 main chain HN (Fig. 2C) . This shifts the guanine nucleotide base by approximately 1.5 A to a deeper position ( Figs 2E and 3A) . After shifting, the N1 atom of the guanine nucleotide base also finds its partner (Asn-203 side-chain CO) to form an additional hydrogen bond. This mode of interaction is similar to the 'hydrogen-bonding frameshift' in the dual specific kinase, casein kinase II (CKII), to ATP and GTP [18] (Fig. 3) . In both kinases, ATP/GTP dual recognitions are enabled by the alternate emergence of the hydrogen donors and acceptors in the binding pocket and both nucleotides find their positions by shifting to match the hydrogen donor/acceptor positions in the binding pocket. While PI5P4Kb forms a more extensive hydrogen-bonding network with GTP than with ATP, CKII has an equivalent hydrogen bond network with both nucleotides. This would be one of the reasons why PI5P4Kb binds more strongly to GTP than to ATP.
In addition, the guanine nucleotide base is located close to Phe-205, promoting formation of an aromatic-aromatic interaction ( Fig. 2A,E) . The aromatic-aromatic interaction of the adenine nucleotide base to Phe-205 is less significant due to its separation from the phenyl ring (Fig. 2B,F) . The characteristic interaction with GTP is also associated with 90°rotation of the ribose group relative to the ATP analog (Fig. 2) . Thus, GTP binds to its designated position in PI5P4Kb by shifting and rotating its position relative to ATP, which could be analogous to the 'Tetris-spin' in the tile-matching video game, Tetris.
Development of the GTP-insensitive mutant of PI5P4Kb to define the significance of the GTP-sensing activity in vivo
The crystal structures indicated that Thr-201, Asn-203, and Phe-205 are specialized for guanine base recognition in PI5P4Kb (Fig. 2) . To analyze the effect of these residues on nucleotide recognition, Thr-201, Asn-203, and Phe-205 in PI5P4Kb were mutated to methionine, alanine, and leucine, respectively. We confirmed that the individual structures of the PI5P4Kb mutants were nearly the same as that of the wild-type (WT) PI5P4Kb in nucleotide-bound forms (rootmean-square deviation values for all Ca atoms are less than 0.4 A). Among them, only the PI5P4Kb F205L mutant showed a decrease in GTP-dependent kinase activity, without having any perturbation of the ATPdependent activity.
Isogenic cell lines that express the PI5P4Kb F205L mutant and the WT PI5P4Kb demonstrated that PI5P4Kb's GTP-sensing activity regulates cellular PI (5)P levels in response to the changes in GTP concentration [15] . WT PI5P4Kb cells displayed concerted metabolic changes in response to the GTP concentration change, while the PI5P4Kb F205L mutant could not faithfully change the metabolism under the same conditions [15] . Furthermore, the PI5P4Kb F205L mutant-expressing cells abolished the tumorigenic activity observed for WT PI5P4Kb cells in mouse xenograft models [15] . These results from the structural reverse genetics approach clearly indicate that the GTP-sensing activity of PI5P4Kb regulates cellular PI (5)P signaling and metabolism, and provides an advantage in tumorigenesis in vivo.
Structural reverse genetics and future perspective
The conventional reverse genetics strategy based on knockout or knockdown of a specific gene requires the prior knowledge of the associating signaling networks to be able to reach an eureka moment by solving 'simultaneous equations' derived from a combination of experiments. Energy sensors for ATP, such as AMPactivated protein kinase [5] and possibly including mammalian target of rapamycin have been established [6] . Identification of these ATP energy sensors has been accomplished by extensive biological and biochemical studies on their upstream and downstream signaling pathways. As for PI5P4Kb, we exploited the structural reverse genetics strategy to dissect the link between the GTP-dependent activity and its significance in GTP-sensing function. Despite the limited biological knowledge on PI5P4Kb, this approach revealed the hidden function of PI5P4Kb as described above.
The structural reverse genetics strategy can readily be applied to the proteins that interact with multiple partners using different interfaces and/or different domains [19] . As expected, it would be challenging to apply the strategy to proteins that express multiple biochemical activities using an overlapping site. The GTP-and ATP-dependent activities of PI5P4Kb fall into this category as the binding sites to GTP and ATP are overlapping and deviated only by 1.5 A (Figs 2 and 3) . Even with such a small difference, we have successfully identified the mutant (F205L) that can specifically disrupt GTP-dependent activity. This is mainly due to the presence of additional interactions with GTP. In contrast, ATP do not have additional interactions; thus, specific disruption of ATP-dependent activity would be more challenging. It is also important to see if the mutation actually causes the expected effect to the protein activity by the structure determination and verification of the biochemical activities of the mutant, in order to make sure that the mutation does not cause protein misfolding and/or major structural changes.
The structural reverse genetics strategy can be applicable to any biomolecules with multiple biochemical activities, such as riboproteins, ribozymes, and noncoding RNA. Given the recent advances in the structure determination methods and genome editing technologies [20] , the structural reverse genetics strategy will play a central role in understanding the in vivo role of a multifunctional biomolecules in the postgenomic era. 
